several TRPV channels detect physical stimuli, like tempresence of these genes, which have not been characterized in detail (Caterina et al., 1997; Bargmann, 1998; perature, osmotic strength, and touch. For TRPV1, TRPV2, and TRPV4, these features are reconstituted in Harteneck et al., 2000) . Sequence alignments and evolutionary trees of sequence similarity in this gene family heterologous cell types, which suggests that the channels respond directly to physical stimuli.
are displayed in Figures 1A and 1B . Each of the ocr genes is 20%-25% identical to osm-9 and, like osm-9, Like TRPV1, which is expressed in polymodal nociceptive neurons in mammals, osm-9 is required in the contains three ankyrin repeats and six membrane-spanning domains. The two most closely related subunits, nociceptive ASH neurons of C. elegans that sense noxious chemicals, osmolarity, and touch (Kaplan and Horocr-1 and ocr-2, are over 50% identical to each other. The other ocr genes are more distantly related (30%-vitz, 1993; Colbert et al., 1997). However, osm-9 also acts in nonnociceptive cell types, where its functions 40%), but still show considerably more similarity to each other than to osm-9. may be different. The major chemosensory organs of C. elegans, the amphids, contain 12 pairs of sensory All of the C. elegans TRPV genes appear to be more closely related to each other than to the mammalian neurons. Ten of the 12 amphid neuron pairs express osm-9. The AWA olfactory neurons detect numerous genes in this subfamily, and conversely, the mammalian genes appear to be more closely related to each other attractive volatile odorants using G protein-coupled receptors (Bargmann et al., 1993; Sengupta et al., 1996) . than to C. elegans genes ( Figure 1B ). Homology searches with the Drosophila genome identified two The response to all AWA odorants requires osm-9, which is proposed to form a G protein-regulated transduction open reading frames that fell within the TRPV gene family. Drosophila CG4536 is most closely related to C. channel in AWA. OSM-9 localizes to the sensory cilia in AWA, suggesting a direct role in sensory transduction elegans osm-9, and Drosophila CG5842 is more closely related to the C. elegans ocr genes than to either CG4536 (Colbert et al., 1997). Several other neurons express osm-9 and might use it during primary transduction:
or osm-9. Similarities are strongest in the ankyrin repeats and in transmembrane domains, with less conserthe pheromone-sensing ADF neurons, the odor-sensing ADL neurons, and the touch-sensing OLQ neurons. An vation of the extended C-terminal sequence. These results suggest that the common ancestor of nematodes additional group of sensory neurons, including the AWC olfactory neurons, express both osm-9 and another senand flies had at least one osm-9-like gene and at least one ocr-like gene. sory transduction channel, the cGMP-gated channel encoded by tax-2 and tax-4 (Coburn and Bargmann, 1996; Komatsu et al., 1996, 1999). AWC olfaction does not ocr Genes Are Expressed in Subsets require osm-9, but does require tax-2 and tax-4, as well of OSM-9-Expressing Neurons as other components of a G protein-coupled cGMPWe constructed fusions of the green fluorescent protein signaling pathway (L'Etoile and Bargmann, 2000; Birnby (GFP) to the four predicted OCR family members in C. et al., 2000). In AWC, osm-9 has a role in olfactory adapelegans to assess their expression patterns. The retation, the downregulation of olfactory responses after porter genes included at least 4 kb of upstream seprolonged odorant exposure (Colbert and Bargmann, quence and the first 68-100 amino acids of each pre-1995).
dicted protein fused in-frame to GFP. Each fusion gene osm-9 can carry out different functions in different cell was expressed only in a subset of OSM-9-expressing types: polymodal sensory functions in ASH, olfactory neurons. ocr-1::GFP was limited to two pairs of amphid functions in AWA, and adaptation functions in AWC. sensory neurons, AWA and ADL ( Figure 1D ). AWA One explanation for these various activities might be senses attractive volatile odorants including diacetyl that other proteins modify osm-9 function in specific and pyrazine (Bargmann et al., 1993 Figure 1F ). The functions of the rectal gland cells are unknown. ocr-4::gfp was expressed in the four and Drosophila Using osm-9 as a starting point, we identified four addimechanosensory OLQ neurons ( Figure 1G ). All of the ocr-expressing neurons, as well as the rectal gland cells, tional TRPV genes in C. elegans, which we call osm-9/ capsaicin receptor related (ocr) genes. Full predicted also express osm-9. A number of neurons that express osm-9 fail to express any ocr gene, including AWC, ASE, protein sequences for these genes were determined either by RT-PCR-based isolation of cDNAs (ocr-1 and ASG, ASI, ASJ, ASK, FLP, and PVD, and the IL2 neurons ( Figure 1C) . Interestingly, most of these neurons express ocr-2) or additional refinement of Genefinder predictions based on conserved sequences and intron/exon boundtax-2 and tax-4 (the cGMP-gated channel); none of the ocr-expressing neurons expresses tax-2 and tax-4. aries (ocr-3 and ocr-4). Several groups have noted the The expression patterns of the ocr genes suggest that frame deletion that removes DNA encoding five of six their functions are related to the functions of osm-9. membrane-spanning domains. This mutation should be These results are unlike those observed in the mammaa null mutation for channel function (Figure 2A ). lian subfamily; mammalian TRPV channels are exSince ocr-1 is strongly expressed in AWA, we exampressed in largely nonoverlapping cell types and have ined chemotaxis to the AWA-sensed odors diacetyl and been expected to have independent functions. pyrazine in ocr-1 mutants. ocr-1 animals appeared normal for all AWA-mediated behaviors. To address whether ocr-1 had a subtle effect on AWA chemotaxis, ocr-2 Mutants Are Defective in a Range of AWAwe performed a dose-response analysis of chemotaxis and ASH-Mediated Behaviors, but ocr-1 to serial dilutions of the odorants diacetyl and pyrazine.
Mutants Do Not Have Obvious Sensory Defects
No significant difference between wild-type and ocr-1 To analyze the functions of the ocr genes, we generated animals was observed at any concentration (Figures 2B mutations in ocr-1 and ocr-2, the two family members and 2C). that were expressed in cells with well-defined functions.
Another possible role for ocr-1 could be as a negative Two deletion alleles of ocr-1 were generated following regulator of osm-9 in olfactory adaptation. However, either chemical mutagenesis or a Tc1 transposon inserno adaptation defect was observed in ocr-1 mutants tion-imprecise excision strategy. The ocr-1(ok132) mu-( Figures 2D and 2E) . We conclude that known AWA betation creates an in-frame 2.3 kb deletion that is prehaviors are not strongly affected by mutation of the ocr-1 dicted to remove all three ankyrin repeats and five of gene. the six transmembrane domains from OCR-1. The ocr-
The ocr-2 gene is also expressed in AWA neurons, so 1(ak46) mutation is an in-frame 2 kb deletion that reits function was analyzed by testing chemotaxis of ocr-2 moves DNA encoding the three ankyrin repeats and the mutants to diacetyl and pyrazine. ocr-2 mutants exhibfirst transmembrane domain (Figure 2A ). Based on the ited a profound defect in chemotaxis to the AWA-sensed deletion of conserved sequences that should be reodorants ( Figure 3A ). This defect was apparent across quired for channel function, both mutations are likely to a range of odorant concentrations ( Figures 3B and 3C ). represent molecular null alleles. The ocr-2(ak47) mutaThus, AWA function requires osm-9 and ocr-2, but not tion was isolated by a Tc1 transposon insertion followed by an imprecise excision. ocr-2(ak47) causes an inocr-1. Despite the similarity between ocr-1 and ocr-2 sequences, ocr-1 is unable to substitute for ocr-2 funcat normal levels, whereas ocr-2 mutants expressed reduced levels of odr-10::gfp ( Figure 4E ). ocr-2;ocr-1 doution in AWA.
ocr-2 is expressed in the nociceptive ASH neurons, ble mutants showed no expression of odr-10::gfp, a phenotype similar to that of osm-9 mutants (Figures 4B which direct avoidance of noxious odors, nose touch, and high osmotic strength. All nociceptive functions of and 4C). ocr-2/ϩ;ocr-1/ϩ compound heterozygotes had normal levels of odr-10::gfp expression ( Figure 4D ). the ASH neurons were severely compromised by the ocr-2 mutation. Avoidance of the volatile repellent 2-octaThese results demonstrate that ocr-1 and ocr-2 have overlapping functions in the regulation of gene expresnone was almost completely abolished ( Figure 3D) , and nose-touch responses were likewise defective ( Figure  sion and reveal a function of ocr-1 in the AWA neurons that can only be observed in the context of an ocr-2 3E). ocr-2 animals retained some ability to avoid high osmotic strength solutions, although they failed to remutation. spond to lower osmotic strength solutions ( Figure 3F ). This residual osmotic avoidance could be due to ASH OSM-9 and OCR-2 Interact to Specify the sensory function that persists in the ocr-2 mutant, or Subcellular Location of Both Proteins alternatively, the behavior could be directed by a second
In the AWA and ASH cells where they are coexpressed, sensory neuron that is affected by osm-9 but not ocr-2.
osm-9 and ocr-2 have similar mutant phenotypes. This Rescue experiments verified that the chemotaxis and could occur because the two molecules carry out two nociceptive defects in ocr-2 mutants were caused by different essential activities in AWA and ASH, or because the ocr-2 mutation. A 16 kb transgene containing only OSM-9 and OCR-2 cooperate in a single process. the ocr-2 gene was introduced into the ocr-2(ak47) OSM-9 is localized to the cilia of AWA neurons, consisstrain. The transgene rescued the AWA olfactory defect tent with a role in the initial events of sensory transducand the ASH nociceptive defects in four of five lines tion (Colbert et al., 1997). We constructed a tagged fullexamined ( Figures 3A and 3D) . length OCR-2 protein by inserting a GFP reporter with synthetic splice acceptor and donor sites into the second intron of ocr-2. Like OSM-9, the GFP-tagged OCR-2 ocr-1 and ocr-2 Both Contribute to ActivityDependent Gene Regulation in AWA fusion protein localized to sensory cilia ( Figure 5A ). Strong expression was visible in several sensory cilia, osm-9 regulates the expression of the diacetyl receptor odr-10 in an activity-dependent transcriptional pathway including the AWA cilia and the phasmid cilia, with additional expression in neuronal cell bodies. These results (A.K.-K., E.L.P., and C.I.B., unpublished data). This assay provided another measurement of osm-9-like activities suggest that both OSM-9 and OCR-2 function in the cilia. in the AWA neurons, and it was used to characterize the ocr mutants. ocr-1 mutants expressed odr-10::gfp Since OCR-2 is never expressed without OSM-9, we tectable in cilia. OCR-2 was not mislocalized in either n2743/ϩ or ky10/ϩ heterozygotes (data not shown). Expression levels of OCR-2::GFP were decreased in osm-9 mutants, which could be caused either by destafusion that did not encode a full-length protein. The short OCR-2::GFP protein is not preferentially localized bilization of a protein complex or by effects of osm-9 on ocr-2 gene expression. To distinguish between these to cilia and is unlikely to be functional. This ocr-2 transgene was equally expressed in wild-type and in the null possibilities, we examined expression of a transgene with the ocr-2 promoter driving a short OCR-2::GFP mutant osm-9(ky10), indicating that the activity of the ocr-2 promoter is not affected by the osm-9 mutant Remarkably, expression of mammalian TRPV1 in ASH (Figures 5D-5F ). Thus, the stability of full-length OCR-2 resulted in a novel behavior appropriate to the introand its localization to cilia specifically require OSM-9. duced channel. Wild-type C. elegans has no acute reThese results suggest that OSM-9 and OCR-2 act in a sponse to capsaicin (Wittenburg and Baumeister, 1999), common protein complex, although they are consistent but animals expressing the sra-6::TRPV1 transgene exwith indirect models for their association.
hibited a robust avoidance of capsaicin. Contact with a A reciprocal set of experiments was conducted to ask drop of 50 M capsaicin resulted in an avoidance behavwhether OSM-9 requires OCR proteins for localization ior resembling the response to repellents normally to cilia. OSM-9 is expressed in many cells in the head, sensed by ASH ( Figure 6A ). The full response to capsasome of which express OCR proteins and some of which icin lasted several seconds and contained all of the do not ( Figure 1C) . In the tail, OSM-9 is expressed in components appropriate for ASH avoidance, including only two cell types, PHA and PHB, both of which also an initial reversal ( Figure 6A , 5") and a subsequent turn express OCR-2. A tagged, functional OSM-9::GFP pro-( Figure 6A, 9") . Animals without the transgene did not tein is present in the cell bodies, dendrites, and cilia of respond to capsaicin. These results indicate that artifi-PHA and PHB, with a slight enrichment in the cilia (Figure cial activation of the ASH neurons by a heterologous 5G). In ocr-2 mutants, cilia expression of OSM-9::GFP channel is sufficient to generate avoidance behavior. was lost, but expression in cell bodies and dendrites Expression of a leaky cation channel in ASH has prewas maintained ( Figure 5H ). These results suggest that viously been shown to increase the rate of reversals, OSM-9 and OCR-2 are mutually dependent on each a result consistent with this observation (Zheng et al., other for localization to cilia.
1999). Some cells, including the olfactory neuron AWC, ex-
The behavior elicited by TRPV1 was examined for its press OSM-9 without an OCR protein ( Figure 1C ). To ask dependence on endogenous G protein-coupled signalwhether the presence of an endogenous OCR protein ing pathways in ASH. odr-3 encodes a G protein ␣ subcorrelates with OSM-9 localization, a tagged OSMunit required for all known ASH behaviors, and osm-10 9::GFP protein was expressed solely in the AWC neurons encodes a novel intracellular protein required for osusing the AWC-specific str-2 promoter. In AWC, motic avoidance (Roayaie et al.
, 1998; Hart et al., 1999). OSM-9::GFP was localized entirely to the cell body and
The capsaicin-avoidance response generated by sraexcluded from cilia (n ϭ 158; Figure 5I ). The identical 6::TRPV1 was intact in odr-3, osm-10, osm-9, and ocr-2 OSM-9::GFP protein showed some expression in cilia mutants ( Figure 6B ). These results indicate that TRPV1 in PHA and PHB, and strong enrichment to cilia in OLQ bypasses many essential components of ASH signal and AWA ( Figure 5G ; and Colbert et al., 1997).
transduction, probably by direct depolarization of the Are OCR proteins sufficient to localize OSM-9 to cilia? neuron in response to capsaicin. Full-length OCR-2 protein was ectopically expressed in eat-4 encodes a vesicular glutamate transporter es-AWC neurons using the odr-3 promoter, and this transsential for glutamatergic neurotransmission from ASH gene was crossed to the str-2::OSM-9::GFP strain. Sev However, all of these results were obdefective in their avoidance of nose touch, but avoid tained with tagged protein, which might lack some sighigh osmotic strength normally. Mutations in glr-1 did nals that influence localization. A strict interpretation of not suppress the capsaicin avoidance response in the genetic results is that endogenous osm-9 drives TRPV1 transgenic animals ( Figure 6B ). OCR-2::GFP to cilia, and endogenous or ectopic ocr-2 drives OSM-9::GFP to cilia. Discussion TRPV1 (VR1) Does Not Rescue OSM-9 or OCR-2, TRPV channels are implicated in a variety of sensory but Expression of TRPV1 in ASH Generates modalities. Analysis of vertebrate TRPV channels has a Capsaicin Avoidance Response emphasized the unique properties of each family memThe similarity between OSM-9 and the mammalian ber; for example, TRPV1 (VR1) senses temperature and TRPV1 channel suggested that these two molecules TRPV4 senses osmolarity. Our results indicate that might have similar functions. To ask whether TRPV1 TRPV proteins can cooperate in common sensory funccould rescue osm-9 mutants, we used the promoter tions, and moreover, that different combinations of of the seven-transmembrane chemosensory receptor TRPV proteins are used to generate distinct sensory sra-6 to drive expression of the TRPV1 cDNA in ASH functions. (Troemel et al., 1995) . This transgene did not rescue the OSM-9 appears to function alone in olfactory adaptaosmotic avoidance defect of ocr-2 or osm-9, suggesting tion in AWC neurons, but OSM-9 acts together with that the mammalian and nematode channels are not OCR proteins in neurons where it is required for sensory interchangeable. TRPV1 also failed to rescue olfaction when expressed in AWA (data not shown).
transduction. Each of the four ocr genes is expressed with osm-9: ocr-1 in AWA and ADL chemosensory neuciliated sensory neurons, and the ocr-4-expressing OLQ neurons also localize OSM-9 to cilia, so promoting cilia rons, ocr-2 in AWA, ADL, ADF, ASH, PHA, and PHB sensory neurons, ocr-3 in rectal gland cells, and ocr-4 localization of OSM-9 could be a property of several OCR proteins. In the AWC neurons, where only OSM-9 in OLQ mechanosensory neurons. Among these cells, the AWA and ASH neurons have the best defined funcis expressed, the same OSM-9::GFP protein is present in the cell body, but can be relocalized to cilia by heteroltions, and these functions are strongly dependent on both osm-9 and ocr-2. Like osm-9, ocr-2 can act in ogous expression of OCR-2. In AWC, osm-9 functions only in olfactory adaptation, and a cGMP-gated channel different sensory modalities: in olfaction in AWA and ASH, and in mechanosensation and osmosensation in encoded by tax-2 and tax-4 is proposed to act in primary olfactory transduction (Coburn and Bargmann, 1996; ASH. Gene expression in AWA neurons also depends on TRPV function, but for this activity, osm-9, ocr-1, Komatsu et al., 1996; Colbert et al., 1997). No ocr genes are expressed in AWC or several other neurons that and ocr-2 all act together, even though ocr-1 has no apparent effect on AWA behaviors. coexpress osm-9, tax-2, and tax-4. These observations suggest that OSM-9 carries out distinct functions in difOur results suggest that one function of combinatorial TRPV expression is to specify the subcellular localizaferent parts of the cell: sensory transduction in the cilia for OSM-9/OCR protein complexes, and adaptation and tion of these proteins. Where OSM-9 and OCR-2 are coexpressed, both proteins are localized to sensory other regulatory functions in the cell body for OSM-9 alone. cilia, and their localization is interdependent; OCR-2:: GFP is excluded from cilia in osm-9 mutants, and simiPrecise localization of protein components is central to sensory transduction in many systems. Cooperation larly, ocr-2 promotes the localization of OSM-9::GFP to cilia. All cells that express ocr-1, ocr-2, and ocr-4 are between proteins in the sensory apparatus is an impor- To construct the ASH-TRPV1 construct, an Asp718-DraIII fragof a 1:10 dilution of 2-octanone in ethanol was placed immediately in front of a freely-moving adult animal on an agar plate in the ment of the rat TRPV1 cDNA was inserted into the C. elegans expression vector pPD49.26 between an Asp718 and an EcoRV site. Subseabsence of bacteria, and time until reversal was scored. Capsaicin assays were performed using a modified Hilliard drop test. Capsaicin quently 3.8 kb of the sra-6 promoter region was amplified by PCR using primers with synthetic XbaI sites (Troemel et al., 1995) and was diluted to 50 M in M13 and 2% ethanol. A drop was placed in front of the animal, and after encountering the drop, the animal inserted at an XbaI site in the pPD49.26/TRPV1 subclone 5Ј of the TRPV1 cDNA.
was scored as responding if it reversed more than half a body length before crossing the drop. 
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